Lithium is widely used to treat bipolar disorder, but its mechanism of action in this disorder is unknown. Several molecular targets of lithium have been identified, but these putative targets have not been shown to be responsible for the behavioral effects of lithium in vivo. A robust model for the effects of chronic lithium on behavior in mice would greatly facilitate the characterization of lithium action. We describe behaviors in mice that are robustly affected by chronic lithium. Remarkably, these lithium-sensitive behaviors are also observed in mice lacking one copy of the gene encoding glycogen synthase kinase-3␤ (Gsk-3␤), a well established direct target of lithium. In addition, chronic lithium induces molecular changes consistent with inhibition of GSK-3 within regions of the brain that are paralleled in Gsk-3␤ ϩ/Ϫ heterozygous mice. We also show that lithium therapy activates Wnt signaling in vivo, as measured by increased Wntdependent gene expression in the amygdala, hippocampus, and hypothalamus. These observations support a central role for GSK-3␤ in mediating behavioral responses to lithium.
Introduction
For more than 50 years, lithium has remained the most effective treatment for bipolar disorder (BPD), but its mechanism of action is unknown. One obstacle in determining the target of lithium in affective disorders is the paucity of lithium-sensitive behavior models in mammals. Although objective modeling of mood disorders in rodents seems inherently problematic, several models representing endophenotypes associated with BPD have been investigated (Murphy, 1977; Lenox et al., 2002) . Many of these studies have tested whether lithium modifies behaviors caused by other drugs. For example, amphetamine-chlordiazepoxide (Cox et al., 1971; Poitou et al., 1975; Murphy, 1977) or MAP kinase inhibitors (Einat et al., 2003) cause hyperactivity and increased exploration that is reduced in rodents pretreated with lithium. Furthermore, many previous studies have used acute dosing, although the beneficial effects of lithium in BPD are only observed after a lag of days to weeks and persist after treatment is withdrawn. This temporal profile suggests that long-term changes, such as alterations in gene expression, synaptic architecture, or neurogenesis, may be involved in the response to lithium (Manji et al., 1996) and may not be evident with acute lithium treatment. Some behaviors in rats have been reported to be sensitive to chronic lithium therapy, including learned helplessness (Faria and Teixeira, 1993) and activity after stress immobilization (Belmaker and Kofman, 1990; Kofman et al., 1995) . However, little has been reported addressing the behavioral effects of chronic lithium per se in mice. A simple lithium-sensitive behavior in mice would greatly facilitate the study of lithium action in behavior.
Direct targets of lithium include glycogen synthase kinase-3 (GSK-3) (Klein and Melton, 1996; Stambolic et al., 1996) , inositol monophosphatase (IMPase), other monophosphoesterases, and phosphoglucomutase (Berridge et al., 1989; York et al., 1995; Phiel and Klein, 2001; Gurvich and Klein, 2002) . GSK-3 has been implicated in the regulation of synaptogenesis and axonal growth cone collapse (Lucas and Salinas, 1997; Lucas et al., 1998; Goold et al., 1999; Sayas et al., 1999; Burden, 2000; Hall et al., 2000; Eickholt et al., 2002; Packard et al., 2002 Packard et al., , 2003 and is an intriguing potential target for the neuropsychiatric effects of lithium. However, IMPase is an equally plausible target (Berridge et al., 1989; Williams et al., 2002) . Many of these targets are expressed in the brain and are inhibited by lithium. Therefore, alternative methods of interfering with each of these potential targets, such as gene knock-outs and novel pharmacological inhibitors, may be necessary to demonstrate that a specific target is responsible for the behavioral effects of lithium.
We investigated the effect of lithium in a battery of standard behavioral tests in mice (Crawley and Paylor, 1997) . We found that lithium alters specific behaviors in a manner that is paralleled in mice lacking one copy of Gsk-3␤. In addition, molecular changes associated with the inhibition of GSK-3 are observed in vivo in both lithium-treated and Gsk-3␤ ϩ/Ϫ mice. Lithium also activates Wnt-dependent transcription in adult brain. These data provide strong genetic support for the hypothesis that lithium affects mouse behaviors through direct inhibition of GSK-3␤.
Materials and Methods

Mice
C57/B6 mice (Jackson Laboratories, Bar Harbor, ME), 40 -50 d of age, were housed two to three per cage in 12 hr light/dark cycles and were allowed 10 d to acclimate to the colony room before experiments began. Gsk-3␤ knock-out mice were maintained in the C57/B6 background as described previously (Hoeflich et al., 2000) . The BAT-gal reporter mouse line was described previously (Maretto et al., 2003) . All animal experimentation was reviewed and approved by the Institutional Animal Care and Use Committee and the University of Pennsylvania Laboratory Animal Resource Committee.
Lithium dosing and testing schedule
The mice were randomly assigned to three groups (n for each experiment is indicated in the figure legends). A control group was allowed free access to water and standard lab chow throughout the experiment. For lithium chloride (LiCl) treatment, mice received chow with 0.2% LiCl (Harlan Teklab, Madison, WI) for 5 d followed by 0.4% LiCl chow for an additional 10 d (see Fig. 1 A) . For dose-response experiments, a second lowdose group of mice was maintained on 0.2% LiCl throughout the experiment. All mice were given a supplemental drinking solution of 450 mM sodium chloride. Behavior tests began on day 10. The test schedule was as follows: day 10, Porsolt's forced swim test (FST); day 12, hole board exploratory behavior; day 14, elevated zero maze. To rule out an order effect in this schedule, each behavior test was performed independently with similar results. Males and females were tested independently with similar results, and the data were combined. On day 15, the mice were killed. Trunk blood was collected, and serum lithium was measured with a flame photometer (Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, PA). The frontal cortex, hippocampus, hypothalamus, and cerebellum were dissected and frozen at Ϫ80°C until processed for Western blot analysis. All behavior experiments and tissue isolation took place between 8:30 A.M. and 12:30 P.M. To test whether the behavioral effects persisted after lithium was removed from the diet, mice were either treated with lithium and control diets as described above or were given the 0.2%/0.4% LiCl diet beginning 2 d earlier and after 10 d were switched to the control diet for 2 d to allow the drug to wash out before behavior testing. A similar schedule was used in testing Gsk-3␤ ϩ/Ϫ heterozygous mice. Animals were initially divided into four groups: wild-type littermates of the Gsk-3␤ ϩ/Ϫ mice, wild-type mice on the 0.2%/0.4% LiCl described above, a Gsk-3␤ ϩ/Ϫ group, and a Gsk-3␤ ϩ/Ϫ group on the 0.2%/0.4% LiCl diet.
Behavior test protocols
Porsolt's forced swim test. Mice were individually placed in a 46 ϫ 22 cm diameter glass cylinder filled to ϳ20 cm with 22-25°C water. Three mice at a time were videotaped with a cardboard separator between the cylinders. The last 4 min of a 6 min swim were graded for total time immobile by a person blind to group designation. The mouse was considered immobile when it was motionless or exerted only enough activity to keep afloat.
Exploratory behavior and open field. Exploratory behavior was assessed in a 14 ϫ 14 inch arena with a lattice of 16 holes in the floor (San Diego Instruments, San Diego, CA). The arena was fitted with photocells to count the number of hole pokes in a 10 min trial. In addition to hole pokes, rearing, center activity, peripheral activity, and total activity were recorded. A change in exploratory behavior was defined as a change in the number of hole pokes without a change in the other activities.
Elevated zero maze. Mice were individually placed on a 5.5 cm wide circular track with an external diameter of 45 cm raised 40 cm above the floor (San Diego Instruments). The track had two open and two enclosed segments of equal dimensions. Mice were placed in the center of an open segment to begin a 5 min trial. Total distance traveled was assessed with a Poly-Track video system (San Diego Instruments). A scorer blind to the groups graded the videotaped trials for time spent in the open segments. The mouse was scored as within a segment when all four paws were within that segment.
To investigate state changes that may have occurred as a result of lithium treatment or Gsk-3␤ ϩ/Ϫ knock-out (Crawley, 2000) , a separate cohort of animals was tested in the open field, acoustic startle, prepulse inhibition of acoustic startle, accelerated rotorod, righting reflex, grip strength, and home cage behavior. No significant differences were observed among the groups.
Data analysis
All behavior data, serum lithium concentrations, and ␤-catenin protein quantitation were analyzed with a one-way ANOVA followed by a Dunn's post hoc analysis when a significant difference was found among the groups. The level of significance was set at p Ͻ 0.05. GSK-3␤ protein expression data (see Fig. 4B ) and analysis of ␤-galactosidase in situ activity were analyzed by the Student's t test.
Immunoblotting
Frozen samples of hippocampus and hypothalamus were homogenized with a Polytron in 200 l of 0.75% NP-40 lysis buffer (Tao et al., 1996) ; frontal cortex and cerebellum samples were homogenized in 350 l of the same buffer. Protein content was determined by Bradford assay, and equal amounts of total protein from three mice per group were combined. Each sample (10 g per lane) was analyzed by SDS-PAGE and immunoblotting; alternatively, samples from individual animals were analyzed independently (n ϭ 5 for GSK-3 immunoblots; n ϭ 6 for ␤-catenin immunoblots), and band intensity in immunoblots was assessed by chemifluorescent imaging (Storm/PhosphorImager; Molecular Dynamics, Sunnyvale, CA). The antibodies used were anti-GSK-3␣/␤ (Calbiochem, La Jolla, CA), anti-␤-catenin (Transduction Laboratories, San Diego, CA), and anti-␤-tubulin (Promega, Madison, WI).
LacZ assays
BAT-gal mice were maintained for 3 d on 0.2% LiCl and then switched to 0.4% LiCl for 5 d. Animals were then deeply anesthetized and perfused with 30 ml of cold PBS followed by 30 ml of fixative (2.0% paraformaldehyde and 0.1% glutaraldehyde). Brains were postfixed in the same fixative for 1 hr and then embedded in agarose, and 200 m sections were cut with a vibratome. The slices were washed three times in PBS and then placed in 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining solution (1 mg/ml X-gal, 4 mM ferricyanide, 4 mM ferrocyanide, 2 mM MgCl 2 in PBS). Sections from BAT-gal mice were incubated at 37°C for 1 hr and then stopped with fixative solution and placed at 4°C overnight until pictures were taken. NIH ImageJ software was used to quantify the intensity of X-gal staining using coronal vibratome slices at a level that corresponds to Figure 45 of the study by Paxinos and Franklin (2001) . Data were collected from five pairs of lithium-treated versus control mice. The mean percentage change in intensity was determined. A Student's t test was used to determine differences between the groups in both the amygdala (n ϭ 5 per group) and hippocampus (n ϭ 4 per group). One hundred percent of ␤-galactosidase-positive cells were neurons, as judged in 10 m sections by the following: (1) Nissl staining, (2) immunofluorescent staining with neuron-specific ␤-tubulin antibody (Sigma, St. Louis, MO), and (3) in the hippocampus, by the location and size of the neuronal cell bodies. Quantitative measurements were obtained at levels corresponding to Figures 47 and 50 of the mouse brain atlas in the study by Paxinos and Franklin (2001) . In the dentate gyrus, 19 fields (at 600ϫ magnification) were counted, which included 1274 ␤-galpositive cells. In the amygdala, 12 fields (at 600ϫ magnification) were counted, which included 208 ␤-gal-positive cells.
Results
Dosage paradigm
To identify mouse behaviors sensitive to chronic lithium, we first established a dosing regimen that would be tolerated by the mice. An oral dosing route was chosen with the expectation that dietary lithium would result in more gradual lithium uptake than would be achieved with daily injections. Lithium was phased into the diet in two steps using mouse chow formulated with 0.2% LiCl followed by mouse chow containing 0.4% LiCl (Fig. 1A ). This dosing regimen achieved a mean serum lithium concentration of 0.97 Ϯ 0.07 mM (Fig. 1C) , which is within the therapeutic range for the treatment of BPD. A separate group maintained throughout the experiment on 0.2% LiCl (low dose) had a mean serum lithium of 0.76 Ϯ 0.06 mM. None of the lithium-treated mice in this dosing regimen showed signs of dehydration or toxicity. In addition, lithium-treated animals showed normal righting response, grip strength, performance on accelerated rotorod, and normal home cage behavior, including overall activity, grooming, and social interactions.
Behavior results
In addition to observation of home cage behavior and general state of the animals, lithium-treated and control animals were assessed in a battery of established behavioral tests to identify quantifiable traits that are sensitive to chronic lithium. Mice were tested in the Porsolt FST, exploratory behavior in a hole board apparatus, elevated zero maze, open field, acoustic startle response (ASR), prepulse inhibition of ASR, and habituation to ASR.
Forced swim test
In the FST, rodents are placed in an inescapable cylinder partially filled with water, and the time spent immobile is measured over a short time window (Porsolt et al., 1977) . The FST is a reliable and widely used predictor of antidepressant efficacy and is also abnormal in mice with targeted deletions of the 5-HT 1A receptor and the noradrenaline transporter (Cryan et al., 2002) . Given the reproducibility and the relative ease of this test, it has been suggested as a useful screening test for behavioral effects of novel mutations in the mouse (Crawley, 2000) . Mice were therefore tested in this paradigm using 0, 0.2, and 0.2 followed by 0.4% LiCl diets. A one-way ANOVA of the FST data revealed a robust effect of lithium on time immobile, and this effect was clearly dose dependent with less time immobile at the higher dose (Fig. 2 A) . Lithium had no effect on posture of swim or climbing behavior. The decreased time immobile in the FST was not caused by overall changes in activity, because lithium-treated mice showed similar levels of total activity in the hole board arena (Figs. 3B) and in other measures of motor activity (data not shown).
One of the hallmarks of lithium therapy in BPD is the persistence of response after lithium is discontinued, a pattern that has suggested long-term effects of lithium, such as changes in gene expression or synaptic architecture (Manji et al., 1996) . We therefore tested whether the effect of lithium in the FST persists after withdrawal of lithium. Animals were placed on the lithium diet as described above; one group began the lithium diet 2 d earlier and then after 10 d was switched back to regular chow for 2 d (Fig.  1 B) . Lithium was undetectable in the serum of mice that were switched to control chow (lithium is cleared in C57/B6 mice with a half-life of 2.6 hr) (Wood et al., 1986) . Lithium-treated animals showed decreased time immobile (Fig. 2 B ; similar to Fig. 2 A) ; animals removed from the lithium diet for 2 d also showed a reduction in time immobile that approached, but did not reach, statistical significance.
Exploratory behavior
In rodents, a mixture of amphetamine and chlordiazepoxide reportedly increases exploratory behavior, and lithium has been reported to reverse this effect (Cox et al., 1971; Davies et al., 1974; Poitou et al., 1975; Murphy, 1977) . To test the effect of chronic lithium treatment on exploratory behavior in the absence of other drugs, we assessed exploratory behavior in lithium-treated and control mice in a hole board apparatus, in which the number of holes explored in the floor of a chamber is recorded over 10 min (File and Wardill, 1975) . Mice treated with lithium showed a decreased frequency of hole pokes (Fig. 3A) ( p Ͻ 0.05). Furthermore, this effect persisted when lithium was removed. As with the FST, this effect of lithium on exploratory behavior is unlikely to be caused by a change in overall activity, because no significant differences were seen among the groups in center activity, peripheral activity, rearing, or total activity during the exposure to the hole board apparatus (Fig. 3B) . Furthermore, although lithiumtreated mice spent more time in the open quadrants of the elevated zero maze, their overall activity in this test, as assessed by total distance traveled, was indistinguishable from controls.
Lithium-treated mice were also similar to controls in the ASR, prepulse inhibition of ASR, and habituation to ASR.
Heterozygous loss of GSK-3␤ mimics lithium treatment
Lithium inhibits GSK-3 in vitro (Klein and Melton, 1996) and in vivo (Stambolic et al., 1996; Hedgepeth et al., 1997) . Based on this observation, we proposed that GSK-3 could be a therapeutic target of lithium in the treatment of BPD (Klein and Melton, 1996) . However, although biochemical and genetic evidence strongly support a role for GSK-3 inhibition in the developmental effects of lithium, the target responsible for the behavioral effects of lithium remains an open question. We therefore wished to test genetically whether reduction of GSK-3 levels would mimic the behavioral effects of lithium. The Gsk-3␤ gene has been disrupted by targeted deletion in mice, and although Gsk-3␤ Ϫ/Ϫ mice die during gestation, heterozygotes (Gsk-3␤ ϩ/Ϫ ) are viable and appear morphologically normal (Hoeflich et al., 2000) . Mouse embryonic fibroblasts derived from Gsk-3␤ ϩ/Ϫ mice express reduced levels of GSK-3␤ protein without a compensatory increase in GSK-3␣ protein levels (Hoeflich et al., 2000) , indicating a partial loss of function in Gsk-3␤ in the heterozygotes. GSK-3 activity is also reduced in embryonic brain of Gsk-3␤ ϩ/Ϫ and Gsk-3␤ Ϫ/Ϫ mice, as assessed by reduced phosphorylation of fetal tau protein (data not shown). To demonstrate that heterozygous adult animals express reduced GSK-3␤ protein in the brain, we isolated frontal cortex, cerebellum, hypothalamus, and hippocampus from GSK-3 ϩ/Ϫ mice and wild-type littermates and measured the expression of GSK-3␣ and ␤ by Western blot analysis. As expected, the heterozygotes showed reduced levels of GSK-3␤ protein in all regions (Fig. 4A,B) . No significant change was observed in GSK-3␣ protein levels (Fig. 4 A) or in the level of GSK-3 N-terminal phosphorylation (data not shown). We therefore tested Gsk-3␤ ϩ/Ϫ mice in the same battery of behavioral tests described above.
Gsk-3␤ ϩ/Ϫ mice showed a markedly decreased time immobile in the FST, similar to the effect of lithium (Fig. 5 A) . Gsk-3␤ ϩ/Ϫ mice were also similar to lithium-treated mice in exploratory behavior, showing a reduced frequency in hole pokes (Fig. 5 B) . ϩ/Ϫ mice were not different from controls in total activity (Fig. 5C) , ASR, or prepulse inhibition of ASR (data not shown) and, similar to the other groups, showed normal righting response, grip strength, performance on accelerated rotorod, and home cage behavior, including overall activity, grooming, and social behavior. (Gsk-3␤ ϩ/Ϫ mice treated with LiCl demonstrated more marked responses than LiCl or Gsk-3␤ ϩ/Ϫ groups in the Figure 4 . A, Reduction in GSK-3␤ protein in Gsk-3␤ heterozygous mice. Hypothalamus, hippocampus, frontal cortex, and cerebellum were isolated from adult brains of wild-type and heterozygous knock-out mice (n ϭ 3) and were subjected to Western blotting for both isoforms of GSK-3. ␤-Tubulin serves as a loading control. B, Hypothalamus, hippocampus, frontal cortex, and cerebellum were isolated from adult brains of wild-type and heterozygous knock-out mice; GSK-3 and ␤-tubulin band intensities were measured independently for each animal (n ϭ 5 for each group) by chemifluorescent immunoblotting and quantitation on a Storm/PhosphorImager. *p Յ 0.05 compared with untreated wild-type mice (see Materials and Methods). A-C, Gsk-3␤ ϩ/Ϫ mice and wild-type littermates were tested in FST ( A) (n ϭ 32, 31, and 23 for Wt, Wt/Li, and KO, respectively), exploratory behavior ( B) (n ϭ 19, 22, and 18, as noted above), and overall activity ( C). Wild-type littermates received 0.2%/ 0.4% LiCl or control diet as described in Figure 1 A. *p Ͻ 0.05 compared with wild-type group. wt, Wild-type littermates; wt/Li, wild-type littermates on LiCl diet; KO, Gsk-3␤ ϩ/Ϫ heterozygotes.
FST and hole board but also showed decreased overall activity in the hole board, muted ASR, and reduced grip strength. Therefore the LiCl-treated Gsk-3␤ ϩ/Ϫ groups are not included in this analysis.) Thus, heterozygous loss of Gsk-3␤ mimics lithium in two specific behavior tests without causing an overall change in state of the animals, strongly supporting the hypothesis that these behavioral effects of lithium in mice are mediated through inhibition of GSK-3␤.
␤-catenin accumulation in lithium-treated and
Gsk-3␤
؉/؊ mice GSK-3-mediated phosphorylation of ␤-catenin leads to its rapid degradation. Wnt signaling causes inhibition of GSK-3, leading to stabilization and accumulation of ␤-catenin, and this has become a widely used assay for downstream activation of the Wnt pathway (Peifer et al., 1994) as well as for inhibition of GSK-3 in cultured cells. Therefore, inhibition of GSK-3 by lithium leads to accumulation of ␤-catenin protein and activation of Wnt target genes (Stambolic et al., 1996; Hedgepeth et al., 1997; Zhang et al., 2003) . To confirm that GSK-3 activity is inhibited by lithium therapy in vivo, we measured ␤-catenin protein levels in four regions of the brain after behavioral tests were completed. Brain regions were dissected and pooled from multiple animals, and ␤-catenin levels were assessed by immunoblotting. Using this method, we detected an increase in ␤-catenin protein levels in the hypothalamus (Fig. 6 A) and an apparent increase in the frontal cortex (data not shown). However, we found that when we analyzed animals individually, some of the lithium-treated mice had anomalously high levels of ␤-catenin; thus, pooled samples may be skewed by these outliers. We therefore analyzed groups of six animals individually for ␤-catenin levels and measured the protein levels by immunoblotting and quantitative chemiluminescence. Based on this analysis, we observed a ϳ30% increase in ␤-catenin protein levels in the hypothalamus that was statistically significant, supporting that GSK-3 was inhibited in this region and also suggesting that downstream Wnt signaling could be activated by lithium in the CNS (Fig. 6) . (The apparent increase in the cortex observed with pooled samples was not statistically significant when individual animals were analyzed; data not shown.) Furthermore, deletion of one copy of Gsk-3␤ caused an increase in ␤-catenin levels, and this was more pronounced in lithium-treated Gsk-3␤ ϩ/Ϫ mice. Variable increases were seen in the hippocampus with lithium treatment or loss of Gsk-3␤, and no effect was seen in the cerebellum (data not shown).
Lithium activates Wnt-dependent transcription in vivo
The amount of cytoplasmic ␤-catenin that is regulated by GSK-3 usually represents a small fraction of the total cellular pool of ␤-catenin, and furthermore, changes in a small population of cells could be swamped out if large portions of unaffected tissues are included in the analysis. We therefore used an alternative approach to determine localized activation of Wnt signaling by lithium. Accumulation of ␤-catenin leads to activation of Wnt-dependent target genes mediated through a ␤-catenin-Tcf transcription complex. The measurement of tissue-specific activation of this pathway in mice has been facilitated by the generation of transgenic promoterreporter mouse lines that contain Wnt-responsive Tcf DNA binding elements driving ␤-galactosidase. For example, the BAT-gal (Maretto et al., 2003) and TOPGAL (DasGupta and Fuchs, Figure 6 . A, ␤-Catenin protein levels in hypothalamus of wild-type, wild-type plus lithium, heterozygous Gsk-3␤ (Gsk-3␤ ϩ/Ϫ ), and lithium-treated Gsk-3␤ ϩ/Ϫ animals were assessed by immunoblotting. ␤-Tubulin serves as a loading control. B, Hypothalamus of six each of untreated controls, lithium-treated mice, and Gsk-3␤ ϩ/Ϫ mice was harvested and analyzed as in A, except that samples from each animal were analyzed individually. ␤-Catenin band intensity was measured by chemifluorescent immunoblotting and quantitation on a Storm/PhosphorImager. *p Յ 0.05 compared with untreated wild-type mice (see Materials and Methods).
Figure 7.
Increased Wnt-Tcf-dependent transcription in lithium-treated mice. Coronal vibratome sections of brains from control and lithium-treated BAT-gal mice after incubation with X-gal. ␤-Galactosidase activity is increased in the dentate gyrus, amygdala, and to a lesser extent the hypothalamus. ␤-Galactosidase activity was exclusively in neurons (see Materials and Methods).
1999) mouse lines have been shown to identify Wnt responsive tissues in embryos and adult mice. We therefore tested induction of Wnt-dependent transcription in response to the lithium diet in the brains of BAT-gal mice. As shown in Figure 7 , BAT-gal mice given oral LiCl for 1 week showed greater ␤-galactosidase activity in the amygdala, hippocampus, and hypothalamus, consistent with the accumulation of ␤-catenin protein described above. The increased activity was most pronounced in the amygdala but also clearly evident in the hippocampus. Under these assay conditions, ␤-galactosidase activity was observed exclusively in neurons, as determined by immunostaining for neuron-specific ␤-tubulin, Nissl stain, and in the hippocampus, by cell size and location (see Materials and Methods). The increased activity in the hypothalamus was observed in five of six experiments but was of lower magnitude in some samples. Preliminary data suggest that ␤-galactosidase activity increased ϳ3.7-fold in the amygdala (n ϭ 5; p Ͻ 0.05) and 1.6-fold in the hippocampus (n ϭ 4; p Ͻ 0.05), consistent with a previous report showing a twofold increase in ␤-catenin in the hippocampus of lithium-treated rats (De Ferrari et al., 2003) . TOPGAL mice showed a similar increase in Wnt-dependent ␤-galactosidase activity in the hippocampus, amygdala, and hypothalamus and to a greater extent in the cortex, although overall ␤-galactosidase activity was significantly lower than in the BAT-gal line (data not shown). Under these staining conditions, ␤-galactosidase activity was observed in untreated BAT-gal mice but at a lower level, as shown in Figure 7 ( Maretto et al., 2003) . Thus, these reporter lines provide confirmation of inhibition of GSK-3 by oral lithium treatment in adult animals and provide direct in vivo evidence for lithium-mediated activation of Wnt-dependent transcription in the mammalian CNS.
Discussion
We describe simple behavior tests that are sensitive to lithium and show that deletion of one copy of the Gsk-3␤ gene mimics the effect of lithium on these behaviors. Molecular targets of GSK-3, including ␤-catenin, are also affected similarly by lithium and Gsk-3␤ haploinsufficiency. These behavioral and molecular correlations strongly support the hypothesis that GSK-3 is an important target for the behavioral effects of lithium.
Lithium decreases time immobile in the FST in a robust, dosedependent manner. To our knowledge, an effect of chronic lithium in the FST has not been reported. Lithium does not affect time immobile for rats in the FST (Hata et al., 1995; Kitamura et al., 2002; Einat et al., 2003; Wegener et al., 2003) . Acute lithium injection has been reported to reduce time immobile in mice if animals are tested 30 min after injection but not at 45 min (Nixon et al., 1994; Redrobe and Bourin, 1999a) . Acute lithium also reportedly enhances the effect of antidepressants on the FST (Redrobe and Bourin, 1999b) . In contrast, we used chronic oral lithium at clinically tolerated doses, which more closely approximates the lag time required for the clinical response to lithium in BPD patients. The FST has predictive validity as a model of antidepressant activity (Cryan et al., 2002) ; although lithium is used as an antimanic agent and mood stabilizer, frequently in combination with antidepressants, it is not widely used as an antidepressant alone. However, the effect of lithium in the FST could represent a parallel to the mood stabilizing action of lithium on the depressive phase of BPD. Interestingly, lithium treatment also parallels the effects of antidepressants on learned helplessness (Sherman and Petty, 1980) and immobilization stress in rats (Hata et al., 1995) . We found that lithium treatment also reduced exploratory behavior, which may be consistent with observations in which lithium attenuated the effect of amphetamine-chlordiazepoxide on exploratory behavior (Murphy, 1977) . Furthermore, the effect of lithium on exploratory behavior persisted when lithium was discontinued, and the effect on the FST after lithium was removed approached statistical significance. These observations are reminiscent of the time course of lithium efficacy observed in BPD (Muller-Oerlinghausen and Drescher, 1979) .
Importantly, the effects of lithium in the FST and exploratory behavior were not attributable to changes in overall activity or nonspecific changes in the state of the animals. Several tests that investigated state changes revealed no differences among the groups in open field activity, distance traveled in the elevated zero maze, grip strength, accelerated rotorod, righting response, grooming, social interactions, or other home cage behaviors. In addition, ASR, prepulse inhibition of ASR, and habituation of ASR were not affected by lithium. These findings support that the effects seen in the FST and exploratory behavior are not attributable to nonspecific effects of lithium.
Strong support for GSK-3 as the relevant target of lithiummediated developmental defects has been provided by loss-offunction and dominant-negative mutations in Gsk-3␤ in Dictyostelium, Xenopus, sea urchin, zebrafish, and other organisms. In each case, the effect of lithium on development phenocopies Gsk-3␤ null and dominant-negative mutants (for review, see Phiel and Klein, 2001; Gurvich and Klein, 2002) . In most cases, these developmental effects of lithium arise through activation of the Wnt pathway, which is inhibited by constitutive GSK-3 activity. Lithium mimics Wnts by inhibiting GSK-3 (Klein and Melton, 1996) , stabilizing ␤-catenin (Stambolic et al., 1996; Hedgepeth et al., 1997) , and thereby activating Wnt-dependent transcription . This hypothesis is also supported by observations that alternative GSK-3 inhibitors cause similar effects on embryonic development through activation of Wnt signaling (Yost et al., 1998; Hedgepeth et al., 1999; Meijer et al., 2003) .
Lithium also increases growth cone area (Lucas et al., 1998; Goold et al., 1999; Hall et al., 2000; Williams et al., 2002) and alters synaptogenesis in cultured neurons (Salinas, 1999; Hall et al., 2000) . These effects of lithium mimic Wnt-dependent regulation of synaptogenesis in diverse systems (Lucas and Salinas, 1997; Salinas, 1999; Burden, 2000; Packard et al., 2002 Packard et al., , 2003 . Lithium and structurally unrelated GSK-3 inhibitors also attenuate growth cone collapse induced by semaphorin-3a (sema-3a). GSK-3␤ phosphorylated on serine-9 (which has reduced activity) is localized to growth cones and is dephosphorylated after stimulation by sema-3a (Eickholt et al., 2002) or lysophosphatidic acid, which also induces growth cone collapse (Sayas et al., 1999) . These observations support the hypothesis that GSK-3 regulates growth cone collapse and may explain growth cone stabilization by lithium in cultured neurons. However, lithium has also been proposed to affect growth cone area through depletion of inositol. Thus, addition of myo-inositol to cultured sensory neurons prevented the effects of lithium (as well as other mood stabilizing drugs) on growth cone area (Williams et al., 2002) , an intriguing observation that led those authors to propose that lithium and other mood stabilizers act in this setting through a common mechanism involving depletion of myo-inositol. However, several other reports, using similar cell types, found no effect of myo-inositol on lithium-induced changes in growth cone area (Lucas and Salinas, 1997; Lucas et al., 1998; Hall et al., 2000) . The reasons for these differences are not clear, but it should be noted that exogenous inositol can have indirect effects not obviously related to depletion of myo-inositol (Hedgepeth et al., 1997; Shaldubina et al., 2002) .
Because multiple potential targets of lithium are present in neurons, and because these targets have not been examined in behavior models, we tested whether genetic disruption of Gsk-3␤ would mimic the behavioral effects of lithium. Although Gsk-3␤ Ϫ/Ϫ mice die in utero, Gsk-3␤ ϩ/Ϫ mice are viable, express reduced levels of GSK-3␤ protein, and have reduced GSK-3 activity. Remarkably, the effect of lithium is mimicked in the GSK-3␤ ϩ/Ϫ mice, with a marked decrease in time immobile on the FST test and reduced exploratory behavior. As with lithium, the behavior of GSK-3␤ ϩ/Ϫ mice in the FST and hole board apparatus is not caused by changes in overall activity. Consistent with these observations, we also observed similar effects on the FST and exploratory behavior in transgenic mice expressing a dominant-negative form of GSK-3␤ in the postnatal brain (W. T. O'Brien and P. S. Klein, unpublished data).
Loss of Gsk-3␤ also mimicked the molecular effects of lithium. Thus, lithium and deletion of Gsk-3␤ caused accumulation of ␤-catenin protein, a well established consequence of GSK-3 inhibition. Inhibition of GSK-3 and accumulation of ␤-catenin are associated with activation of Wnt-regulated gene expression, and we found that a Wnt/Tcf-dependent reporter was also activated in vivo by lithium treatment in the amygdala, hippocampus, and hypothalamus, consistent with our observations with ␤-catenin.
These observations support that oral lithium inhibits neuronal GSK-3 in vivo and are consistent with previous reports showing in vivo inhibition of neuronal GSK-3 by lithium, as assessed by reduced tau phosphorylation, accumulation of ␤-catenin protein (as described above), inhibition of GSK-3␣-mediated processing of the amyloid precursor protein, and increased phosphorylation of GSK-3 (Munoz-Montano et al., 1997; Ghribi et al., 2002; De Ferrari et al., 2003; Pérez et al., 2003; Phiel et al., 2003; Ryder et al., 2003) . For example, lithium has been shown to cause increased phosphorylation of aminoterminal serines in GSK-3␣ and ␤ (Chalecka-Franaszek and Chuang, 1999; Bhat et al., 2000; Lochhead et al., 2001; Hall et al., 2002; Song et al., 2002; Zhang et al., 2003) . We recently demonstrated that this inhibitory phosphorylation is a secondary consequence of direct inhibition of GSK-3 by lithium or other agents ; although increased GSK-3 phosphorylation was not observed in brains from heterozygous mice (data not shown), embryonic fibroblasts derived from homozygous Gsk-3␤ knock-out embryos show increased N-terminal phosphorylation of GSK-3␣ (Chalecka-Franaszek and Chuang, 1999; Bhat et al., 2000; Lochhead et al., 2001; De Sarno et al., 2002; Hall et al., 2002; Song et al., 2002; Zhang et al., 2003) . The intriguing observation that GSK-3 phosphorylation is increased in the brains of lithium-treated mice provides additional support for direct inhibition of GSK-3 by lithium in vivo.
Lithium inhibits both ␣ and ␤ isoforms of GSK-3 (Klein and Melton, 1996; Stambolic et al., 1996) , and thus the behavioral effects of lithium observed here could arise through inhibition of either or both forms of GSK-3. Loss of one copy of Gsk-3␤ would be expected to reduce overall GSK-3 by 25% in regions where the ␣ and ␤ isoforms are expressed at equal level and by 50% in regions where Gsk-3␤ is expressed exclusively. Thus, although the data presented here demonstrate a role for GSK-3␤ in the regulation of specific mouse behaviors, GSK-3␣ may also play a role in this regulation: the relative contribution of these closely related isoforms to lithium-sensitive behaviors can be addressed only when the GSK-3␣ knock-out mouse becomes available.
Thus, we found a strong behavioral and molecular correlation between the in vivo effects of lithium and genetic disruption of Gsk-3␤, strongly supporting the hypothesis that GSK-3␤ is an important neuronal target for the behavioral effects of lithium.
